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ABSTRACT 

The design and use of a DC probe for rocket measurements of electron 
density and electron temperature in the ionosphere is described. 
is based on the Langmuir probe technique in a form which is particularly 
suitable for the investigation of features of the ionosphere involving 
steep gradients, such as sporadic E. 

The probe 

The potential value of the probe in 
the D region is indicated. 
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UNGMUIR PROBES FOR MEASUREMENTS I N  THE IONOSPHERE 

By L. G. Smith 
GCA Corporat ion 

INTRODUCTION 

The Langmuir probe technique for  t he  measurement of e l e c t r o n  d e n s i t y  and 
e l e c t r o n  temperature was one of the  f i r s t  experiments t o  be c a r r i e d  on sound- 
ing rocke ts .  Since the  f i r s t  u s e  on rocke t s  i n  1946 and 1947 [l]" and, s i n c e  
1958, on s a t e l l i t e s  [ 2 ] ,  the  method has  become one of t he  most important t o o l s  
of t he  ionosphere s c i e n t i s t  complementing the  r a d i o  sounding techniques.  

The theory and a p p l i c a t i o n  of the Langmuir probe f o r  measurements i n  the  
ionosphere i s  descr ibed i n  t h i s  manual  f o r  t he  information of o the r  s c i e n t i s t s  
who may wish t o  compare t h e i r  measuring techniques wi th  t h i s  one. It i s  not  
poss ib l e  t o  d i scuss  i n  d e t a i l  the  many v a r i a t i o n s  of t he  probes based on the  
Langmuir technique bu t  an  at tempt  h a s  been made t o  i n d i c a t e  the  major v a r i a -  
t i o n s  and the  r e l a t i o n  between them. 

Sec t ion  1 conta ins  a s impl i f ied  p r e s e n t a t i o n  of probe theory and i t s  fun- 
damental l i m i t a t i o n s ,  which, fo r tuna te ly ,  a r e  no t  s e r i o u s  f o r  ionospheric  mea- 
surements.  The p a r t i c u l a r  a p p l i c a t i o n  t o  rocke t  and s a t e l l i t e  measurements i s  
d iscussed  i n  Sec t ion  2. The p o t e n t i a l  value of t he  probe i n  the  D r eg ion  (50 
t o  90 km) i s  noted although the  Langmuir theory i s  not  s t r i c t l y  v a l i d  a t  such 
low a l t i t u d e s  due t o  the  r e l a t i v e l y  high n e u t r a l  gas dens i ty .  

The design and cons t ruc t ion  of an  instrument  f o r  use i n  sounding rocke t s  
i s  given i n  Sec t ion  3. This instrument a l t e r n a t e s  the  normal Langmuir tech-  
nique with a second mode which has  been found more s u i t a b l e  f o r  s t u d i e s  of 
spo rad ic  E and o the r  h ighly  loca l ized  f e a t u r e s  of t he  e l e c t r o n  dens i ty  p r o f i l e .  

The most s i g n i f i c a n t  devia t ion  from Langmuir probe theory (which has been 
encountered)  concerns t h e  a c t u a l  value of t h e  e l e c t r o n  random cur ren t  dens i ty .  
The observa t ions  i n d i c a t e  values  tha t  a r e  lower than the  t h e o r e t i c a l  values  by 
a f a c t o r  approaching an o rde r  of magnitude. Some unce r t a in ty  i s  introduced by 
the  d i f f i c u l t y  of i d e n t i f y i n g  exac t ly  the  po in t  a t  plasma p o t e n t i a l  bu t  t h i s  
i s  n o t  enough t o  account f o r  the  l o w  e l e c t r o n  cu r ren t .  It i s  be l ieved  t h a t  
t he  explana t ion  of the  discrepancy can be a t t r i b u t e d  t o  the  e f f e c t  of t he  
e a r t h ' s  magnetic f i e l d .  
f u r t h e r  evidence,  e i t h e r  experimental o r  t h e o r e t i c a l ,  t h e  probe i s  being used 
empi r i ca l ly .  Since the  measurement of e l e c t r o n  temperature i s  remarkably in -  
dependent of such f a c t o r s  a s  e lec t rode  geometry and the  geomagnetic f i e l d ,  t he  
technique i s  used wi th  confidence.  

This point  i s  by no means c l ea red  up and pending 

3r 
The numbers i n  [ ] throughout the text  r ep resen t  r e fe rence  numbers. 
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1. LANGMUIR PROBE THEORY 

R e  t a r  ding Po t e n t  i a  1 Ana l y s i s  

The use of a probe i n  s tudying plasmas was o r i g i n a l l y  put  on a sound the-  
o r e t i c a l  b a s i s  by Langmuir and h i s  col leagues more than  t h i r t y  years  ago [3 ] .  
Experimental ly ,  an e l ec t rode  i s  in se r t ed  i n t o  the  plasma and the  cu r ren t  t o  i t  
i s  determined as a func t ion  of t he  p o t e n t i a l  of t h e  e l ec t rode .  From the  r e s u l t -  
ing  cu r ren t -vo l t age  c h a r a c t e r i s t i c  the e l e c t r o n  energy d i s t r i b u t i o n  and the  
e l e c t r o n  dens i ty  a r e  obtained.  

When the  e l ec t rode  i s  exac t ly  a t  the  p o t e n t i a l  of t he  plasma the  e l e c t r o n  
c u r r e n t  t o  i t  is  determined by t h e  random thermal motions of t he  e l e c t r o n s  i n  
t h e  gas .  From k i n e t i c  theory the  number of e l e c t r o n s  s t r i k i n g  u n i t  a r ea  per  
second is  n e ~ / 4  where ne i s  the  e l ec t ron  dens i ty  and < t he  e l e c t r o n  mean 
ve loc i ty .  Since each e l e c t r o n  c a r r i e s  a charge e ,  t he  e l e c t r o n  random c u r r e n t  
d e n s i t y  j e  i s  given by 

j e  = n e V / 4  e e  

The mean e l e c t r o n  v e l o c i t y  Kis  r e l a t e d  t o  the  e l e c t r o n  temperature Te by 

4 - 
v = (8kT /xme) 

e e 

where k i s  the  Boltzmann cons t an t  and i s  the  e l e c t r o n  mass. The use he re  
of e l e c t r o n  temperature i m p l i e s  a Maxwellian d i s t r i b u t i o n ,  i . e . ,  thermal equi-  
1 i b  r ium. Numer i ca 11 y , 

5 %  - 
v = 6 .21  x 10 Te cm/sec e 

o r  

7 %  - 
v = 6.69 x 10 Ve cm/sec e 

where Ve is the  e l e c t r o n  energy i n  v o l t s .  

The v a r i a t i o n  of e l e c t r o n  random c u r r e n t  d e n s i t y  a s  a func t ion  of e l e c t r o n  
d e n s i t y  i s  shown i n  Figure 1 f o r  three values  of e l e c t r o n  energy. 

As t he  e l e c t r o d e  i s  made negat ive with r e s p e c t  t o  the  plasma, only those  
e l e c t r o n s  wi th  energ ies  g r e a t e r  than the  r e t a r d i n g  p o t e n t i a l  can s t r i k e  the  
e l e c t r o d e .  For r e t a r d i n g  po ten t i a l s  t he  e l e c t r o n  c u r r e n t  dens i ty  j i s  given 
by 
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Figure 1. Elec t ron  random cur ren t  d e n s i t y  as func t ion  of 
e l e c t r o n  d e n s i t y  f o r  t h r e e  va lues  of e l e c t r o n  energy. 
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where V is  the  r e t a r d i n g  p o t e n t i a l .  

Equations (l),  (2), and ( 4 )  def ine  t h e  theory of the  Langmuir probe tech-  
nique i n  i t s  s i m p l e s t  poss ib l e  terms. 

Plasma Sheath 

Important t o  the  b a s i c  theory of t h e  Langmuir probe, though no t  appearing 
e x p l i c i t l y  i n  the  formulae quoted above, i s  the  concept of t h e  plasma shea th  - 
t he  space charge reg ion  ad jacen t  t o  t he  e l ec t rode .  
the  shea th  has  zero th ickness  ( i . e . ,  does not  e x i s t )  when the  e l e c t r o d e  i s  a t  
plasma p o t e n t i a l .  The concept of t h e  shea th  i s  important i n  two r e s p e c t s :  
(1) i t  provides a c r i t e r i o n  f o r  the v a l i d i t y  of t he  technique;  namely, t h a t  
t he  mean f r e e  path be l a rge  compared wi th  the  shea th  th ickness ,  and ( 2 )  i t  pro- 
v ides  a method of computing t h e  cur ren t -vol tage  curves f o r  a c c e l e r a t i n g  poten- 
t i a l s .  
Langmuir [ 4 ] .  

It w i l l  be r e a l i z e d  t h a t  

Such c a l c u l a t i o n s  have been given i n  d e t a i l  by Mott-Smith and 

The th ickness  of t he  p lasma sheath v a r i e s  wi th  the p o t e n t i a l  of t he  e l ec -  
t r o d e ,  bu t  the  s c a l e  of th ickness  can convenient ly  be expressed i n  terms of 
t he  plasma p rope r t i e s  by the Debye s h i e l d i n g  length  h ,  def ined by the  equat ion 

h = ( kTe s = 6.90 (Te/ne) f cgs u n i t s  

4rr n e e 

(5) 

The v a r i a t i o n  of Debye sh ie ld ing  length  with e l e c t r o n  d e n s i t y  i s  shown 
i n  F igure  2 f o r  t h r e e  values  of e l ec t ron  energy. 

The cur ren t -vol tage  c h a r a c t e r i s t i c  f o r  a c c e l e r a t i n g  p o t e n t i a l s  i s  a func- 
t i o n  of t he  shape and s i z e  of t he  e l ec t rode .  Exact expressions a r e  a v a i l a b l e  
when the  dimensions of t he  e l ec t rode  a r e  very l a r g e  or  very small compared 
wi th  the  Debye s h i e l d i n g  length : 

(1) Large plane 

(2)  Long t h i n  cy l inde r  

(3)  Small sphere 

j = j  e / 1 + ~ )  



Figure 2.  Debye s h i e l d i n g  l eng th  as a f u n c t i o n  of e l e c t r o n  
d e n s i t y  f o r  t h r e e  va lues  of e l e c t r o n  energy, 
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A normalized semi-log p l o t  of e l ec t ron  c u r r e n t  versus  vol tage  i s  shown i n  Fig- 
u re  3 f o r  t hese  th ree  e l ec t rode  conf igura t ions .  The l a r g e  plane and small 
sphere are l i m i t i n g  cases ;  a l l  o ther  e l e c t r o d e  shapes r e s u l t  i n  p l o t s  f a l l i n g  
w i t h i n  the  reg ion  between these  two curves.  As noted b e f o r e ,  f o r  r e t a r d i n g  
p o t e n t i a l s  t he  c u r r e n t  d e n s i t y  i s  independent of e l e c t r o d e  shape and t h e  s e m i -  
log p l o t  r e s u l t s  i n  a s t r a i g h t  l i n e  where s lope  g ives  the  e l e c t r o n  temperature.  
The po in t  a t  which the  e l e c t r o d e  i s  a t  plasma p o t e n t i a l  i s  r e a d i l y  i d e n t i f i e d  
by the  change i n  s lope  on t h i s  semi-log p l o t .  

Non-Maxwellian Energy D i s t r i b u t i o n  

When the  e l e c t r o n  energy d i s t r i b u t i o n  i s  no t  Maxwellian the  log  j - V  p l o t  
i s  no t  l i n e a r  i n  the  r e t a r d i n g  p o t e n t i a l  reg ion .  The cur ren t -vol tage  curve 
may s t i l l  be analyzed, however, t o  g ive  the  a c t u a l  e l e c t r o n  energy d i s t r i b u t i o n .  
A convenient method, due t o  Druyvesteyn [ 5 ] ,  uses  the  second d e r i v a t i v e  d2j/dV2. 
Expressed i n  t e r m s  of t he  e l e c t r o n  energy i n  v o l t s ,  Ve, 
t i o n  F(Ve) i s  given by 

the  d i s t r i b u t i o n  func- 

1 dn (8m) f v% dj 2 
3/2 a$ 

F(Ve) = -- = 
dVe e 

(9) 

Severa l  methods are a v a i l a b l e  f o r  ob ta in ing  the  second d e r i v a t i v e  e l e c t r i c a l l y  
though only r e c e n t l y  has  the  theory of such methods been discussed gene ra l ly  [ 6 ] .  

A simple method has been used by Takayama, e t  a l .  [ 7 ] ,  i n  which a small a c  
s i g n a l  i s  superimposed on the  sweep vol tage  producing a change i n  the  c u r r e n t  
averaged wi th  r e s p e c t  t o  the  ac s igna l .  
a t  a given r e t a r d i n g  p o t e n t i a l  Vo then the  a d d i t i o n  of an  a c  s i g n a l  V cos ut ,  
where I V l  < I V o j  , i nc reases  t h e  cur ren t  from io t o  a new va lue  

I f  io i s  t h e  c u r r e n t  i n t o  the  probe 

i = i J (ieV/kT) (10) 
0 0  

where Jo(ieV/kT) i s  t h e  zeroth order Bessel func t ion  f o r  a pure imaginary argu- 
ment. Some values  of t he  func t ion  a r e  given i n  Table 1. 

TABLE 1 

VALUES OF J (ieV/kT) 
0 

eV/kT 

~ 

0 1 2 3 4 

Jo (ieV/kT) 1.000 1.266 2.280 4.881 11.302 

7 
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Figure 3. Theoretical semi-log plot of electron current. 



A measurement of t he  r a t i o  of the  cur ren t  with and wi thout  t he  a c  s i g n a l  pres -  
e n t  g ives  the  value of Jo ' and ,  s ince  V i s  known, l eads  immediately t o  the  elec- 
t r o n  temperature T. 
o r  r a d i o  frequency range bu t  i n  any case  should be  no g r e a t e r  than  10 percent  
of t he  plasma frequency i n  order  t o  avoid resonance e f f e c t s .  

The frequency of t h e  a c  s i g n a l  may be i n  the  audio frequency 

A more e l abora t e  probe of t h i s  type has  been used by Boyd and Willmore 181 
on t h e  s a t e l l i t e  Ariel. Two small ac s i g n a l s  having ampli tudes of 50 t o  100 mv 
and f requencies  of 500 c / s  and 3 kc/s  a r e  added t o  t h e  normal sweep vol tage  of 
t h e  probe. The curva ture  of the cur ren t -vol tage  c h a r a c t e r i s t i c  produces com- 
ponents of c u r r e n t  t o  the  probe having f requencies  equal  t o  t h e  sum and d i f f e r -  
ence of t he  two appl ied  ac s i g n a l s .  The components a t  t he  h igher  frequency 
(3.0 k c / s ) a r e  s e l e c t e d  by a tuned ampl i f ie r  and the  depth of modulation mea- 
sured.  This g ives  t h e  r a t i o  of the f i r s t  and second d e r i v a t i v e s  of the  curve 
which, f o r  t he  case  of a Maxwellian d i s t r i b u t i o n ,  i s  equal  t o  the  e l e c t r o n  en- 
ergy ( i n  v o l t s ,  i f  p r a c t i c a l  u n i t s  a r e  used) .  

Pos i t i ve  Ion Current 

The c u r r e n t  t o  t h e  e l e c t r o d e  is the  sum of c u r r e n t s  due t o  p o s i t i v e  ions  
as w e l l  as e l ec t rons .  
ions . )  The p o s i t i v e  ion  component of t h e  cu r ren t  i s  g iven  by Equations (l), 
(2 ) ,  and ( 4 )  when the  s i g n  of t h e  p o t e n t i a l  i s  reversed  and j,, T+, v+, and m+ 
are s u b s t i t u t e d  f o r  t he  corresponding q u a n t i t i e s  j e ,  Te, ve, and m . 
of t h e  much g r e a t e r  mass of the pos i t i ve  ion  ( f o r  atomic oxygen d m e  = 16 x 
1836), t he  p o s i t i v e  ion  random cur ren t  dens i ty  i s  smaller than the  e l e c t r o n  
random c u r r e n t  d e n s i t y  by a f a c t o r  of about  170. This  has  t h e  important con- 
sequence t h a t  c o r r e c t i n g  the  observed c u r r e n t  t o  o b t a i n  the  e l e c t r o n  cu r ren t  
involves  a small quan t i ty .  

(Here and l a t e r  we p o s t u l a t e  t h e  absence of negat ive 

- 
- 

Because 

F loa t ing  P o t e n t i a l  

The p o t e n t i a l  a t  which the  t o t a l  e l ec t rode  c u r r e n t  i s  zero is  of consid- 
e r a b l e  s i g n i f i c a n c e  i n  rocke t  and s a t e l l i t e  measurements. This i s  a negat ive 
p o t e n t i a l  Vf known a s  the  f l o a t i n g  (or  wa l l )  p o t e n t i a l ,  because any i s o l a t e d  
conductor o r  i n s u l a t o r  w i l l  come to t h i s  p o t e n t i a l  under e l e c t r o n  and p o s i t i v e  
i o n  bombardment. Since the  pos i t i ve  ion  and e l e c t r o n  c u r r e n t s  must be equal  
i n  magnitude, t h e  va lue  of Vf i s  given by 

j+ = j e exp[-(eVf/kTe)l 

o r  

eVf  = kTe log, ( je /  j+) = 5.1 kTe 

f o r  (je/j+) = 170. Thus the  f l o a t i n g  p o t e n t i a l  i s  almost equal  t o  f i v e  times 
t h e  e l e c t r o n  energy when both a r e  expressed i n  v o l t s .  This value i s  very in -  
s e n s i t i v e  t o  t h e  p a r t i c u l a r  values assumed f o r  ion  mass and ion  temperature. 

9 



Bi-Polar Probe 

An important development of the  Langmuir probe technique i s  the  f l o a t i n g  
double-probe method [91. 
r e n t  f lowing between them i s  measured a s  a func t ion  of the  vol tage  d i f f e r e n c e  
without  re ference  t o  the  a c t u a l  p o t e n t i a l  of the  plasma. The method was o r i g -  
i n a l l y  developed t o  minimize the  r e a c t i o n  of t he  probes on the  plasma under 
inves t iga t ion .  It is  a l s o  used on rockets  and s a t e l l i t e s  where no r e fe rence  
p o t e n t i a l  i s  ava i lab le .  

Two probes a r e  i n s e r t e d  i n  the  plasma and t h e  cur -  

The two probes comprising the  b i -po la r  arrangement a r e  not  n e c e s s a r i l y  
equal  i n  s i z e  or shape. If the  i n e q u a l i t y  i n  s i z e  of the  two probes i s  con- 
s i d e r a b l e  then the smaller can be t r e a t e d  as a s i n g l e  probe, the  o the r  pro- 
v id ing  a constant  re ference  p o t e n t i a l .  An a n a l y s i s  of the  cur ren t -vol tage  
c h a r a c t e r i s t i c  a s  a func t ion  of t he  a r e a  r a t i o  (a) i s  given i n  the appendix. 

Three modes of ope ra t ion  of a b i -po la r  probe a r e  determined by the  mag- 
n i tude  of t h e  area r a t i o  of t he  probes u and the  r a t i o  of e l e c t r o n  t o  ion  
random c u r r e n t  dens i ty  j e / j+ :  

(1) 1 < D < je/j+. In t h i s  mode of ope ra t ion  n e i t h e r  probe can be dr iven  
Hence the  e l e c t r o n  random c u r r e n t  dens i ty  p o s i t i v e  with respec t  t o  the  plasma. 

i s  not  measured. In  a d d i t i o n  the  value of e l e c t r o n  temperature obta ined  i s  
r e p r e s e n t a t i v e  of t hese  e l e c t r o n s  with ene rg ie s  g r e a t e r  than a c e r t a i n  value.  
There i s  very l i t t l e  t o  recommend t h i s  mode of opera t ion .  

(2) j e / j + L  U < 10 je/j+. Elec t ron  and ion  random c u r r e n t  d e n s i t i e s  a r e  
measured. The e l ec t ron  temperature is  obta ined  f o r  a complete spectrum of 
e l e c t r o n  energies  and i t  i s  poss ib l e  t o  t es t  f o r  a Maxwellian d i s t r i b u t i o n .  

(3)  10 je / j+  5 u. The merits of t he  previous mode are p resen t  with the  
advantage t h a t  the data  eva lua t ion  i s  somewhat s impl i f i ed .  Its disadvantage 
is  t h a t ,  f o r  a given t o t a l  probe a r e a ,  the  probe c u r r e n t  i s  r a t h e r  small. 

The optimum a r e a  r a t i o  f o r  the  b i -po la r  probe i s  considered t o  be 
u = 10je/ j+.  

Another resu l t  of t h i s  a n a l y s i s  i s  t h a t  t h e  va lue  of e l e c t r o n  temperature 
obtained i s  no t  a f f ec t ed  by the  a rea  r a t i o  of t h e  e l ec t rodes .  

L imi ta t ions  of Probe Theory 

There a r e  r e s t r i c t i o n s  on the  use  of t he  Langmuir probe. The fol lowing 
c r i t e r i a  must be m e t  when applying the  probe t o  the  s tudy  of d i scharges  i n  
gases  : 

(1) The probe dimensions must be small i n  comparison t o  s i g n i f i c a n t  
changes i n  p o t e n t i a l  over t he  space i t  occupies .  
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(2) The c u r r e n t  drawn by the  probe must no t  d i s t u r b  the  plasma. 

(3)  There must be no c o l l i s i o n s  w i t h i n  the  shea th  ( i .e.)  t he  mean-free 
path must be l a r g e  compared with the  shea th  th i ckness ) .  

( 4 )  There must be no production of e l e c t r o n s  by impact, photo-emission) 
etc. ,  a t  t h e  probe sur face .  

( 5 )  There must be  no negat ive ions  i n  t h e  plasma. 

(6) Contact p o t e n t i a l  d i f f e rences  must be cons tan t .  

(7) Radio-frequency f i e l d s  must be absent  (because of t he  p o s s i b i l i t y  of 
e x c i t i n g  plasma o s c i l l a t i o n s ) .  

(8) The geometry of the  probe arrangement must be c l e a r l y  def ined.  

Within the  l i m i t a t i o n s  imposed by these  c r i t e r i a )  t h e  Langmuir probe has  
proved an e l egan t  and powerful t o o l  f o r  t he  s tudy  of low pressure  discharges.  
Attempts have been made t o  extend t h e  use  of t he  probe t o  o the r  cond i t ions ,  
p a r t i c u l a r l y  t o  h igher  p re s su res )  ( i . e . ,  s h o r t  mean f r e e  pa ths)  bu t  t he  in-  
t e r p r e t a t i o n  under these  condi t ions is  uncer ta in .  

11 



2.  THE PROBE I N  THE IONOSPHERE 

Useful A l t i t ude  Range 

The ionosphere i n  the  E reg ion  provides an  almost i d e a l  plasma f o r  app l i ca -  
Values of some of t he  r e l e v a n t  q u a n t i t i e s  t i o n  of t h e  Langmuir probe technique. 

are g iven  i n  Table 2.  
cause two important f a c t o r s  do not  meet t he  c r i t e r i a  prev ious ly  given: 
mean f r e e  path i s  no t  l a r g e  compared wi th  the  Debye length  and (2) negat ive  ions  
are p resen t  i n  s i g n i f i c a n t  numbers. 

Below about 90 km the  theory  of t h e  probe is i n v a l i d  be- 
(1) t h e  

The use of t he  probe i n  the  F region i s  l i m i t e d  by photoemission. The 
p h o t o e l e c t r i c  c u r r e n t  dens i ty  f r  m a t un  s t e n  su r face  exposed t o  una t tenuated  
s o l a r  r a d i a t i o n  i s  about  4 x 
f o r  a value of e l e c t r o n  dens i ty  of about 4 x 103 cm-3  (a t  a temperature of 
l O 3 O K ) .  
of about  1000 km. 

amp/cm 9 . This i s  equal  t o  the  random c u r r e n t  

This g ives  a n  upper l i m i t  to  t he  h e i g h t  range f o r  daytime measurements 

Environment of the  Vehicle 

The atmosphere i n  the  v i c i n i t y  of a rocke t  o r  s a t e l l i t e  i s  d i s tu rbed  from 
i t s  quas i -equi l ibr ium s ta te .  
proper ty ,  i s  s u s c e p t i b l e  t o  considerable  modif icat ion.  
i n  measuring ambient e l e c t r o n  dens i ty  it is  of t he  utmost importance t h a t  t h e  
i n t e r a c t i o n  of t he  veh ic l e  and t h e  ionosphere be understood. 
of po ten t i a  1 importance a r e  : 

The e l ec t ron  d e n s i t y ,  probably more than any o the r  
I f  a probe is  t o  succeed 

Considered t o  be 

(1) Ion iza t ion  by r f  e x c i t a t i o n ,  i nc reas ing  the  e l e c t r o n  dens i ty .  

(2) Absorption of r f  energy, i nc reas ing  the  e l e c t r o n  temperature. 

(3) R e c t i f i c a t i o n  a t  t h e  antennas,  modifying t h e  veh ic l e  p o t e n t i a l .  

( 4 )  Escaping gas and outgassing,  tending t o  d i l u t e  t he  plasma. 

( 5 )  Vehicle motion, modifying the  s p a t i a l  d e n s i t y  d i s t r i b u t i o n .  

( 6 )  Shock wave i o n i z a t i o n ,  increas ing  t h e  e l e c t r o n  dens i ty .  

(7)  

(8) Magnetic f i e l d s  ( including the  geomagnetic f i e l d )  modifying t h e  

Photoemission from t h e  vehic le ,  modifying t h e  veh ic l e  p o t e n t i a l .  

probe cu r ren t .  

E f f e c t s  a s soc ia t ed  with t h e  rf t r a n s m i t t e r s ,  when, a s  u sua l ly  is  t h e  case ,  
t h e  d a t a  i s  te lemetered ,  wi th  gas contaminating the  environment and wi th  veh ic l e  
motion, can i n  p r a c t i c e  be made neg l ig ib l e  by s u i t a b l e  design of t h e  experiment. 
Photoemission ( i n  daytime) and the geomagnetic f i e l d  a r e  l e f t  a s  being inhe ren t  
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l i m i t a t i o n s  on a probe measurement of e l e c t r o n  dens i ty .  
t i o n  of t he  probe should be modified t o  incorpora te  these  e f f e c t s .  

The theory of opera- 

Vehicle Motion 

It i s  i n  the  na tu re  of rocke t  and s a t e l l i t e - b o r n e  instruments  t h a t  they a r e  
moving with s i g n i f i c a n t  v e l o c i t y  r e l a t i v e  t o  the  plasma. It is important t o  
cons ider  t he  e f f e c t  of t h i s  r e l a t i v e  motion on the  ope ra t ion  and i n t e r p r e t a t i o n  
of t he  probe. Two sepa ra t e  a spec t s  of t he  motion can be d is t inguished .  

E f f e c t  of motion on ion  current.-  The v e l o c i t y  of a sounding rocket  (say 
1 km/sec) i s  comparable wi th ,  and the v e l o c i t y  of a s a t e l l i t e  (say 8 km/sec) i s  
apprec iab ly  g r e a t e r  than,  t he  mean ve loc i ty  of the  ions  (of t h e  order  of 1 km/ 
sec),  a l though both are  very small compared wi th  the  mean v e l o c i t y  of e l e c t r o n s  
(about 200 km/sec). The ion  cur ren t  t o  a n  e l ec t rode  is  increased  due t o  r e l a -  
t i v e  motion whereas the  e l e c t r o n  cur ren t  i s  no t  apprec iab ly  changed. An exact 
express ion  has  been given by Sagalyn, e t  a l .  [ l o ] ,  f o r  a s p h e r i c a l  e lec t rode .  
This i s  shown g raph ica l ly  i n  Figure 4 .  When the  veh ic l e  v e l o c i t y ,  v ,  equa ls  
t he  mean ion  v e l o c i t y ,  v+, t he  cu r ren t  i s  increased  about  40 percent  above the  
va lue  with no r e l a t i v e  motion. For a s a t e l l i t e  having a v e l o c i t y  of 8 times 
t h e  mean i o n  v e l o c i t y  the  c u r r e n t  i s  increased  by a f a c t o r  of i b o u t  8. 
t h e  ion  c u r r e n t  i s  s t i l l  small compared with the  e l e c t r o n  c u r r e n t  t h e  motion 
of t h e  veh ic l e  does no t  a f f e c t  t h e  r e t a r d i n g  p o t e n t i a l  a n a l y s i s  f o r  e l ec t rons .  

- 

Since 

Rarefac t ion  i n  the  veh ic l e  wake.- A f u r t h e r  f a c t o r  a f f e c t i n g  the  design 
of a probe experiment r e s u l t s  from the  l o c a l  d i s turbance  of ion  and e l e c t r o n  
d e n s i t y  due t o  r a r e f a c t i o n  i n  the  wake of a body t r a v e l i n g  through the  plasma 
wi th  a v e l o c i t y  comparable with o r  greater than the  mean ion  v e l o c i t y  [ll]. 
Although the  e l e c t r o n s  have s u f f i c i e n t  v e l o c i t y  i n d i v i d u a l l y  t o  pene t r a t e  t h i s  
r eg ion ,  t h e  absence of a neu t r a l i z ing  p o s i t i v e  space charge prevents  t he  bui ld-  
up of a n  apprec i ab le  e l e c t r o n  concent ra t ion ,  with the  r e s u l t  t h a t  t h e  e l e c t r o n  
d e n s i t y  d i s t r i b u t i o n  a l s o  shows a r a r e f a c t i o n  i n  the  wake of t he  vehic le .  This 
e f f e c t  showed up c l e a r l y  i n  a n  ea r ly  f l i g h t  (Nike-Cajun 10.25) which included 
i n  t h e  payload an  e l ec t rode  i n  the  form of a d i s c  flush-mounted i n  the  cy l in -  
d r i c a l  s e c t i o n  of t he  payload housing. This rocke t  slowly executed a l a r g e  
p recess ion  cone while  spinning more r a p i d l y  on i t s  long i tud ina l  ax i s .  It was 
found t h a t  t h e  c u r r e n t  t o  t h i s  probe was modulated i n  synchronism with the  
s p i n ,  being a minimum with the  e l ec t rode  a t  the  t r a i l i n g  s i d e  of t h e  payload. 
The probe on a rocke t  o r  s a t e l l i t e  should the re fo re  be  loca ted  so t h a t  t he  
p r o b a b i l i t y  of i t s  passage through t h e  r a r e f i e d  veh ic l e  wake i s  minimized. 

Magnetic F i e l d  

A f a c t o r  which i s  not  considered i n  simple probe theory i s  t h e  e f f e c t  of 
a magnetic f i e l d .  In  the  E region the  r ad ius  of gy ra t ion  (Larmor r a d i u s )  f o r  
e l e c t r o n s  i n  the  geomagnetic f i e l d  i s  about 1 cm. Since t h i s  dimension i s  less 
than  the  mean f r e e  path of the  e l ec t rons  and comparable with the  s i z e  of t he  
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Figure 4 .  Effect of vehicle velocity on ion current. 
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probe normally used, t he  motions of e l e c t r o n s  i n t o  o r  away from the  probe m u s t  
be profoundly a f f e c t e d .  I n  some unpublished l e c t u r e  notes  F. F. Chen s t a t e s  
t h a t  i n  a magnetic f i e l d  weak enough so t h a t  t h e  ion  Larmor r a d i u s  i s  l a r g e  
compared wi th  the  probe r a d i u s  and the Debye length  and hence t h a t  j+ i s  no t  
a f f e c t e d ,  b u t  s t rong  enough so t h a t  t h e  e l e c t r o n  Larmor r a d i u s  i s  comparable 
t o  o r  smal le r  than t h e  r e l e v a n t  dimensions, t h e  r a t i o  j e / j+  f a l l s  t o  10 o r  20. 
I n  t h e  absence of a magnetic f i e l d  the r a t i o  j e / j+  has  a va lue  of about 200. 
Thus t h e  geomagnetic f i e l d  would tend t o  decrease  the  observed va lue  of je by 
an o rde r  of magnitude. There is  some evidence t h a t  t h i s  i s  the  case .  Chen 
a l s o  s t a t e s  t h a t ,  i n  t he  presence of a weak magnetic f i e l d  the  r e t a r d i n g  poten- 
t i a l  a n a l y s i s  would no t  be a f f e c t e d  and t h e  r e s u l t i n g  value of e l e c t r o n  temper- 
a t u r e  should be c o r r e c t .  It should be poin ted  o u t ,  however, t h a t  t h e r e  e x i s t s  
no comprehensive mathematical treatment of t h e  Langmuir probe theory i n  the  
presence of even a weak magnetic f i e l d .  This i s  of no p a r t i c u l a r  concern i n  
r e s p e c t  of t h e  use of t he  probe t o  measure e l e c t r o n  d e n s i t y  where o t h e r  methods 
(such a s  radio-frequency techniques) can be used t o  check and c a l i b r a t e  t he  
equipment. There i s  no d i r e c t  method of measuring e l e c t r o n  temperature,  how- 
eve r ,  which is  no t  based on Equation ( 4 ) .  

Mea s u r  emen t of Ion0 s pher i c Ir r egu l a  r i t i e  s 

An important a spec t  of probes c a r r i e d  by rocke t s  and s a t e l l i t e s  i s  t h e i r  
a b i l i t y  t o  r e so lve  t h e  f i n e  s t r u c t u r e  of t h e  medium. This is most important 
i n i t i a l l y  i n  r e s p e c t  t o  e l e c t r o n  dens i ty  where l e s s  d i r e c t  methods, e.g., r a d i o  
s t a r  s c i n t i l l a t i o n s ,  have ind ica ted  t h a t  s i g n i f i c a n t  v a r i a t i o n s  e x i s t  having 
t y p i c a l  dimensions a s  small  a s  200 meters. 

A b a s i c  weakness of t h e  conventional Langmuir probe technique i s  i t s  poor 
t i m e  r e s o l u t i o n .  This follows because a complete sweep of p o t e n t i a l  of t he  
e l e c t r o d e  l eads  t o  only a s i n g l e  value of e l e c t r o n  dens i ty  and of e l e c t r o n  
temperature.  In p r a c t i c e ,  t h e  sweep d u r a t i o n  i s  l imi t ed  by two f a c t o r s :  
(1) a bandwidth of t h e  measuring device and (2) t h e  bandwidth of t h e  te lemet ry  
system. 
f o r  rocke t  and s a t e l l i t e  measurements although t h i s  can be reduced t o  about 
0 .1  s e c  a t  t h e  expense of e labora t ing  the  instrument.  However, an  a l t e r n a t i v e  
method has  been developed and used wi th  cons iderable  success.  

A sweep d u r a t i o n  of the  order of one second i s  gene ra l ly  convenient 

The method i s  exper imenta l ly  very simple b u t  somewhat more d i f f i c u l t  t o  
j u s t i f y  on t h e o r e t i c a l  grounds. It c o n s i s t s  i n  changing the  program of t h e  
v o l t a g e  app l i ed  t o  t h e  probing e l ec t rode  from one of consecutive sweeps t o  a 
program i n  which occas iona l  sweeps a r e  sepa ra t ed  by per iods  of f i x e d  vol tage .  
In  r e c e n t  f l i g h t s  us ing  the  technique, t h e  program cons i s t ed  of a sweep v o l t -  
age of -2 .7  t o  +2.7 v o l t  (dura t ion  0 .5  sec )  a l t e r n a t i n g  wi th  a f i x e d  vo l t age  
of +2.7 v o l t  (du ra t ion  1.5 s e c ) ,  Figure 5. 
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The probe cu r ren t  a t  f i x e d  p o t e n t i a l  i s  propor t iona l  t o  e l e c t r o n  dens i ty .  
The only assumption made i s  t h a t  e l e c t r o n  temperature i s  cons t an t ;  t he  c u r r e n t  
is p opor t iona l  t o  the  average v e l o c i t y  of t he  e l e c t r o n s  and hence v a r i e s  a s  

i n  the  f l i g h t  of a rocke t  (Nike-Apache 14.31) which c a r r i e d  a probe and a cw 
propagat ion experiment, the l a t t e r  prepared by S .  J. Bauer (Goddard Space 
F l i g h t  Center).  

(Te) i . The p ropor t iona l i t y  of cu r ren t  t o  e l e c t r o n  dens i ty  has  been v e r i f i e d  
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The d is tance  r e s o l u t i o n  of the  instrument  used i n  t h i s  way depends on the  
veh ic l e  ve loc i ty  and the  bandwidth of the  system ( inc luding  te lemet ry) .  For a 
rocket  wi th  a v e l o c i t y  of 1 km/sec and a bandwidth of 1 kc /sec  the  d i s t a n c e  
r e s o l u t i o n  i s  1 meter,  more than adequate f o r  p re sen t  app l i ca t ions .  In a s a t -  
e l l i t e  having a v e l o c i t y  of 8 km/sec the  bandwidth r equ i r ed  t o  g ive  a d i s t a n c e  
r e s o l u t i o n  of 80 meters would be 100c/sec.  

Telemetry Requirements 

The bandwidth requi red  i n  the  te lemet ry  channel i s  p r i n c i p a l l y  determined 
by the  lower l i m i t  of e l e c t r o n  temperatures.  In  the  lower E reg ion  values  of 
e l e c t r o n  temperature a s  low a s  3000K have been measured and i t  i s  probably de- 
s i r a b l e  t h a t  the l i m i t  f o r  t he  measurement be set  a t  100°K. This corresponds 
t o  a mean e l ec t ron  energy of about 0.01 v o l t .  
t o  t he  probe h a s  a s lope  of 10 v o l t s / s e c  which i s  equal  t o  an increment of  0.01 
v o l t  i n  1 msec. This i n d i c a t e s  t h a t  t he  bandwidth should be about 1 kc /sec  if 
the  exponent ia l ly  r i s i n g  c u r r e n t  i n  the  r e t a r d i n g  p o t e n t i a l  reg ion  is  t o  be 
t ransmi t ted .  

Now t h e  sweep vol tage  app l i ed  

The output of the instrument  i s  an analog vo l t age  and may be t r ansmi t t ed  
It has  been found t h a t  t he  FM/FM system i s  by any s tandard te lemetry system. 

the  most convenient manner of te lemeter ing  f o r  t h i s  instrument  when used on 
sounding rockets .  

18 



Contact Po t e n t  i a  1 

A f e a t u r e  of t he  cur ren t -vol tage  p l o t s  ob ta ined  on rocke t  f l i g h t s  us ing  
the  b i -po la r  arrangement i s  t h a t  they do not  pass  through the  o r i g i n  of coor- 
d i n a t e s .  
s i d e )  t h e  cu r ren t  is  not  zero.  S imi la r ly  the  e l e c t r o d e  must be made p o s i t i v e  
with respect t o  the  rocke t  body t o  reduce the  probe c u r r e n t  t o  zero.  Compari- 
son of a c t u a l  and t h e o r e t i c a l  p l o t s  shows t h a t  t h e  curve is  d isp laced  along 
t h e  vol tage  a x i s  r a t h e r  than t h e  cu r ren t  a x i s .  Thus the  e f f e c t  i s  due t o  a 
b i a s  vo l tage  appearing i n  the  probe c i r c u i t .  
between 0.5 and 1.0 v o l t  and may change slowly wi th  t i m e ,  Figure 6 .  

Thus with zero p o t e n t i a l  appl ied t o  the  e l e c t r o d e  ( e i t h e r  nose o r  

This b i a s  vo l tage  usua l ly  l ies 

The b i a s  i s  be l ieved  t o  be an  e f f e c t  produced by con tac t  p o t e n t i a l  though 
no complete explana t ion  can be given. It has  been observed i n  labora tory  tests 
t h a t ,  whi le  t he re  i s  no b i a s  vol tage  when an ohmic (carbon) r e s i s t o r  i s  used a s  
a load ,  t he  b i a s  appears  when a very d i l u t e  s o l u t i o n  of common s a l t  i s  used. 
This was a l s o  not iced  on one occasion (Nike-Cajun 10.108); t he  b i a s  vol tage  
appeared a s  s a l t  spray accumulated on t h e  rocke t  during the  pre-launch per iod.  
( I n c i d e n t a l l y ,  the  leakage c u r r e n t  due t o  the  s a l t  spray  disappeared a t  launch.)  

The con tac t  p o t e n t i a l  presumably a r i s e s  from the  use of d i s s i m i l a r  meta ls  
f o r  t h e  two e l ec t rodes  of t he  bi-polar  arrangement. The change during f l i g h t  
i s  be l i eved  t o  be due t o  t h e  hea t ing  of the  e l ec t rodes  during the  launch phase. 

The a c t u a l  value of t he  contac t  p o t e n t i a l  i s  of no consequence i n  the  
normal r e t a r d i n g  p o t e n t i a l  a n a l y s i s  s ince  the  p o t e n t i a l s  a r e  au tomat ica l ly  re- 
f e r r e d  t o  plasma p o t e n t i a l .  It does, however, somewhat a f f e c t  the  f ixed -vo l t -  
age mode of ope ra t ion  of t he  probe s ince  any change i n  con tac t  p o t e n t i a l  pro- 
duces a n  equal  change i n  t h e  p o t e n t i a l  of t he  probe wi th  r e spec t  t o  the  plasma. 
When t h i s  e f f e c t  i s  important a co r rec t ion  may be obtained from the  ind iv idua l  
cu r ren t -vo l t age  p lo t s .  

Electrode Configurat ion 

It was noted e a r l i e r  t h a t  t he  v a r i a t i o n  of c u r r e n t  f o r  r e t a r d i n g  p o t e n t i a l s  
i s  independent of t he  shape of t he  e lec t rode .  Therefore ,  e l e c t r o n  dens i ty  and 
e l e c t r o n  temperature can be determined, i n  p r i n c i p l e ,  us ing  an e l ec t rode  of any 
shape. The most common forms used in  gas d ischarges  a r e  spheres  o r  long t h i n  
c y l i n d e r s .  
t o  reduce the  photoemission cu r ren t .  

Ichimiya, e t  a l .  [ 1 2 ] ,  have used r i n g s  and s p h e r i c a l  mesh probes 

I n  rocke t  and s a t e l l i t e  app l i ca t ions  two e l e c t r o d e s  a r e  used. Spencer, 
e t  a l .  [13],  have found a "dumbbell" arrangement of i d e n t i c a l  s p h e r i c a l  e l e c -  
t rodes  s a t i s f a c t o r y  f o r  measurement of e l e c t r o n  temperature and p o s i t i v e  ion  
d e n s i t y .  The symmetrical arrangement does not  a l low t h e  d i r e c t  measurement of 
e l e c t r o n  dens i ty ,  however. The asynunetrical arrangement i n  which the  rocke t  
o r  s a t e l l i t e  body i s  the  l a r g e r  e l ec t rode  i s  more f r equen t ly  used. 
c a s e  t h e  smal le r  e l e c t r o d e  may be t r ea t ed  a s  a s i n g l e  probe and the  shape 
aga in  is not  c r i t i c a l .  

In  t h i s  

Bourdeau, e t  a l .  [14] ,  has  used a d i s c  mounted on the  
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body of a s a t e l l i t e  f o r  measurement of e l e c t r o n  temperature.  Willmore, 
e t  a l .  [15], have used a plane d i s c  2 cm i n  diameter a t  the  end of a boom 1 
meter long extending from a s a t e l l i t e .  On the  same s a t e l l i t e  a s i m i l a r  d i s c  
mounted on the  body gave measurements of e l e c t r o n  temperature  i n  good agree-  
ment wi th  those from the  boom-mounted e l ec t rode .  

Probes wi th  Grids 

The a d d i t i o n  of a g r i d  between the  probe ( c o l l e c t o r )  and the  ambient 
plasma al lows the  e l e c t r o n  and pos i t i ve  ion  c u r r e n t s  t o  be measured sepa ra t e ly .  
This technique was f i r s t  success fu l ly  used by Boyd [16] i n  l abora to ry  exper i -  
ments and l a t e r  adapted t o  rocke t  and s a t e l l i t e  instruments .  In  Boyd's arrange-  
ment a s i n g l e  g r i d  i s  used; with the c o l l e c t o r  b i a sed  p o s i t i v e  (+48V) t he  e l e c -  
t r o n  c u r r e n t  i s  measured and wi th  t h e  c o l l e c t o r  b iased  negat ive  ( -60V)  t he  pos- 
i t i v e  ion cu r ren t  i s  measured. Thus t h e  e l e c t r o n  and p o s i t i v e  ion  cu r ren t  can 
be measured a s  func t ions  of t he  gr id  p o t e n t i a l .  This technique i s  supe r io r  t o  
the  s i m p l e  probe f o r  de te rmina t ion  of  the  e l e c t r o n  energy d i s t r i b u t i o n  s i n c e  
t h e  problem of s u b t r a c t i n g  t h e  p o s i t i v e  ion  c u r r e n t  i s  avoided and consequently 
the  e l e c t r o n  c u r r e n t  determined t o  l a r g e r  r e t a r d i n g  p o t e n t i a l s .  

The f i r s t  s a t e l l i t e  use  of such a probe (known a s  an ion - t r ap )  i s  due t o  
Gringauz and co-workers [2,17].  
a r e  mounted a t  t he  end of a boom 65  cm long. The g r i d  i s  10 cm i n  diameter 
and has  a t ransparency f a c t o r  of 63 percent .  The c o l l e c t o r  3 c m  i n  diameter ,  
concen t r i c  with the  g r i d ,  i s  maintained a t  a negat ive p o t e n t i a l  of -150V with 
r e s p e c t  t o  the  s a t e l l i t e  body. This p o t e n t i a l  ensures  t h a t  a l l  p o s i t i v e  ions 
e n t e r i n g  the  ion - t r ap  a r e  a t t r a c t e d  t o  the  c o l l e c t o r .  The c o l l e c t o r  c u r r e n t ,  
i, i s  determined by t h e  p o t e n t i a l  of t he  g r i d ,  V ,  wi th  r e spec t  t o  the  plasma, 
t h e  e f f e c t i v e  c ros s  s e c t i o n a l  a rea  A '  of the  g r i d  ( i .e . ,  t he  a c t u a l  c ros s  sec-  
t i o n  reduced by t h e  t ransparency f a c t o r )  and the  mean ion  energy Vo, due t o  
t h e  s a t e l l i t e  v e l o c i t y ,  and has  the form 

The c o l l e c t o r  and g r i d  a r e  both s p h e r i c a l  and 

i =  n e A '  (1 + V/Vo) + 
Thus t h e  cu r ren t  v a r i e s  l i n e a r l y  with p o t e n t i a l  and i s  reduced t o  zero when the  
g r i d  i s  a t  a p o s i t i v e  p o t e n t i a l  equal t o  -Vo (5.33 v o l t s  f o r  atomic oxygen and 
a v e h i c l e  v e l o c i t y  of 8 x lo5 cm/sec). The cu t -of f  p o t e n t i a l  g ives  a measure- 
ment of t he  ion-mass, and t h e  instrument can be regarded a s  a low-resolut ion 
mass spectrometer ;  it i s  adequate t o  r e so lve  O', He+ and H', f o r  example, which 
makes i t  use fu l  a t  s a t e l l i t e  a l t i t u d e s .  The f i n i t e  i o n  temperature reduces the  
sharpness  of t he  c u t - o f f ,  a s  shown i n  Figure 7 ,  and provides a method of d e t e r -  
mining p o s i t i v e  ion  temperature.  
ured and analyzed i n  the  manner of a simple Langmuir probe t o  g ive  e l e c t r o n  
d e n s i t y  and e l e c t r o n  temperature.  

In  a d d i t i o n  the  c u r r e n t  t o  the  g r i d  i s  meas- 

The use of a s p h e r i c a l  ion- t rap  on rockets  has  been descr ibed by Sagalyn, 
e t  a l .  [ lo ] .  
computation of c o l l e c t o r  c u r r e n t  is  more d i f f i c u l t .  In  t h e i r  instrument ,  t he  

The rocke t  and pos i t i ve  ion  v e l o c i t i e s  a r e  now comparable and the  
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c o l l e c t o r  and g r i d  vol tages  a r e  programmed t o  g ive  measurements of both e l e c -  
t r o n  and p o s i t i v e  ion  dens i ty  and hence s u b t r a c t i o n  g ives  t h e  number d e n s i t y  
of nega t ive  ions.  

The s ing le -g r id  ion - t r aps ,  l i k e  t h e  s i m p l e  probes,  a r e  s u b j e c t  t o  e r r o r  
due t o  photoemission from the  c o l l e c t o r  e l ec t rode .  This  may be e l imina ted  by 
t h e  a d d i t i o n  of a second g r i d  (suppressor) between t h e  c o l l e c t o r  and t h e  ou te r  
(cont ro l )  g r id .  The suppressor  g r i d  i s  b i a sed  nega t ive ly  wi th  r e s p e c t  t o  the  
c o l l e c t o r  t o  r e t u r n  photoe lec t rons  to t h e  c o l l e c t o r .  Mul t ip le -gr id  ion  t r a p s  
a r e  u s u a l l y  p lanar ,  because of the  d i f f i c u l t y  of f a b r i c a t i n g  a s p h e r i c a l l y  
symmetrical device,  and have genera l ly  been mounted on t h e  body of t he  rocke t  
o r  s a t e l l i t e .  Descr ip t ions  of planar i o n  t r a p s  have been given by Bourdeau 
and Donley [141, McKibbin [ l8 ] ,  and Hin ter reger  [19]. 

The p lanar  ion- t raps  a r e  exac t ly  equ iva len t  t o  the  s p h e r i c a l  conf igura t ion  
and se rve  a l s o  t o  measure the  ion  mass-spectrum and t h e  p o s i t i v e  ion  temperature.  
The choice  between s p h e r i c a l  and planar geometry and between boom and body mout- 
i ng  i s  determined by o the r  f a c t o r s .  The p lanar  device i s  gene ra l ly  e a s i e r  t o  
f a b r i c a t e ,  p a r t i c u l a r l y  i f  more than one g r i d  i s  used. The s p h e r i c a l  symmetry 
on t h e  o t h e r  hand avoids  an  a spec t  co r rec t ion  and hence avoids  t h e  need f o r  an 
a s p e c t  measurement. The use of a boom al lows the  i o n - t r a p  t o  be placed ou t s ide  
the  space charge shea th  of t he  vehicle  and al lows t h e  vol tage  of t h e  ou te r  g r i d  
t o  be swept through plasma p o t e n t i a l .  Also the  use of a boom reduces the  t i m e  
t he  ion - t r ap  spends i n  the  r a r e f i e d  wake of t he  vehic le .  

Probe in  t h e  D Region 

I n  daytime f l i g h t s ,  probe cu r ren t  i s  f i r s t  measured a t  about 50 km and a t  

Nike Cajun 10.99 was a pre-dawn ‘ f l i gh t  i n t o  a q u i e t  ionosphere wi th  
n i g h t  a t  about  75 km. P r o f i l e s  obtained on four  r ecen t  f l i g h t s  a r e  shown i n  
F igure  8. 
spo rad ic  E present  ( the b i f u r c a t e d  l aye r  between 98 and 102 km). Nike Cajun 
10.108 was a l s o  a pre-dawn f l i g h t  but i n t o  a d i s tu rbed  ionosphere ( ind ica t ed  
by t h e  ionosonde). Nike Cajun 10.109 was launched a t  sunse t  i n t o  a q u i e t  iono- 
sphe re  wi th  sporadic  E present  (possibly t h e  peak a t  110 km). 
14.86 gave a t y p i c a l  daytime p r o f i l e .  

Nike Apache 

The p r o p o r t i o n a l i t y  of probe cu r ren t  t o  e l e c t r o n  d e n s i t y  can be j u s t i f i e d  
on t h e o r e t i c a l  grounds a t  he igh t s  g r e a t e r  than 90 km. 
of t h e s e  p r o f i l e s ,  however, s t rongly  sugges ts  t h a t  t h i s  p r o p o r t i o n a l i t y  i s  a l s o  
t r u e  i n  t h e  lower po r t ions  of t h e  p r o f i l e s .  In  the  daytime p r o f i l e ,  t he  so- 
c a l l e d  C l aye r  may be i d e n t i f i e d  between 50 and 65 km with the  peak a t  58 km. 
The D l a y e r ,  occur r ing  between 65 and 82 km, corresponds wi th  the  absorp t ion  
of Lyman-a r a d i a t i o n .  
Pending f u r t h e r  a n a l y s i s  of t he  operat ions of the  probe and poss ib l e  comparison 
wi th  independent techniques,  t he  p r o f i l e  of probe c u r r e n t  should be taken t o  
i n d i c a t e  t h e  type of s t r u c t u r e  tha t  p r e v a i l s  i n  the  D reg ion  and the  values  of 
e l e c t r o n  dens i ty  should be disregarded.  

The genera l  appearance 

The nighttime p r o f i l e s  show a gene ra l ly  s t eepe r  grad ien t .  
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3 .  INSTRUMENTATION 

General Arrangement 

The instrument has been constructed in several versions differing in 
detail but with the same basic circuit arrangement. 
been used with the nose tip of the rocket as the probing electrode. In some 
early flights in addition to the nose tip electrode, a circular electrode 
flush mounted in the cylindrical section of the payload was used. 
found to be unsatisfactory, principally because of its sensitivity to vehicle 
attitude, and was abandoned in favor of the nose tip position. 
of the instrumentation can be seen in Figure 9 which shows two identical 
payloads - the antennas and housing have been removed from one. 
ticular payloads are intended to be mounted on the front end of a vapor canis- 
ter which is, in turn, attached to a Nike Apache rocket. 

It has most frequently 

This was 

The appearance 

These par- 

The circuit of the instrument is shown schematically in Figure 10. The 
sweep circuit generates the voltage program of Figure 5 which is applied to 
the electrode. The electrometer converts the probe current to an analog 
voltage which is the output of the instrument. The voltage of the probe is 
not telemetered. An ac signal of 540 c/s and amplitude of 100 mv (peak-to- 
peak) is added to the electrometer output. Each cycle corresponds to a voltage 
increment of 0.02 volt during the 0.5 second duration of the voltage sweep. 
The presence of these voltage markers on the telemetry record has been found to 
facilitate data reduction as well as to increase the accuracy of the measure- 
ment. 

The instrument is calibrated in flight by substituting a known resistor 
for the electrode. The calibration relay is energized in either of two ways. 
In one version, a signal derived from the sweep trigger circuit is used to 
insert the calibration for 0.5  second at intervals of 32 seconds. In the 
other, the calibration relay is energized continuously for two periods, each 
of about 5 seconds, the first starting about 25 seconds after launch and the 
second starting about 30 seconds before the end of the flight. Two altitude 
switches, connected as shown in Figure 11, energize the calibration relay be- 
tween 50,000 and 75,000 feet (15 and 23 km) both on ascent and descent. The 
same altitude switches have also been used to initiate the timer of a door 
release mechanism (when used) and to determine trajectory [ZO]. 
switches are vented through four holes, 2 cm in diameter equally spaced on the 
circumference of the payload. Two of the four vent holes are visible in 
Figure 9. 

The altitude 

The instrument is built in modular form corresponding to the units indi- 
The battery box and thyrite box are plug- cated in the schematic, Figure 10. 

in units for ease in replacement. 
and the electrometer and oscillator are constructed on printed cards. 

The sweep generator and trigger circuits 
The 
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instrument shown in Figure 9 has a base diameter of 13 cm and a neight of 
14 cm, excluding the probe connector which is itself 8 cm high. The weight 
of the complete instrument is 1.5 kg. 

The instrument is currently being used with an ogive-shaped electrode. 
Previously a cone-shaped electrode having an included angle of 11 degrees was 
used but it has been found that the ogive has much less sensitivity to rocket 
attitude. The construction of the electrode in either case is the same and 
is illustrated in Figure 12. The electrode assembly replaces the standard 
nose tip and therefore does not add extra weight to the payload. Electrical 
connection is made through the rod which mates with a special connector on 
the instrument and allows a limited amount of relative motion (such as results 
from thermal expansion of the payload housing). 

Sweep Circuit 

The complete circuit of the sweep generator and trigger is shown in 
Figure 13. When the relay closes, the sweep generator is connected to its 
floating (battery) power supply and the capacitor charges through a constant 
current circuit (the2N1132 transistor). The electrode is driven by a second 
transistor (2N929A). When the resistor values indicated by asterisks are 
adjusted in sequence the correct voltage program can be obtained. The first 
resistor, nominally 1.5K, is adjusted so that when the capacitor is fully 
charged the voltage across this resistor is 5.4 volts. Then the second 
resistor, nominally 33K, is adjusted so that the desired sweep rate of 
10.8 volt/sec is obtained at the electrode. 

The trigger circuit de-energizes the relay for about 0.1 sec at intervals 
of 2 seconds. Thus the capacitor is discharged through the 47 ohm resistor 
and the electrode and sweep circuit are completely disconnected from the 
electrometer for a momentary zero-check. The trigger circuit uses a unijunc- 
tion transistor (2N490) for timing and a second transistor (2N1613) for 
driving the relay. 
by the indicated resistor, nominally 180K. 

The 2-second interval of the trigger circuit is controlled 

Electrometer Circuit 

The circuit of the feedback electrometer is shown in Figure 14. A 
single-ended arrangement is used. The input tube (Raytheon, CK587) is con- 
nected directly to the positive input terminal of a differential amplifier 
(Philbrick, PP65A). 
to set the zero of the electrometer. The two diodes in opposition between 
the input terminals protect the amplifier against large transient signals. 
The capacitor prevents oscillations within the electrometer. 
the electrometer is off-set 1 volt by taking the feedback from a voltage 
divider between the amplifier output and the -15 volt supply. 

The negative input terminal of the amplifier is used 

The output of 
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30 Figure 12. Nose tip electrode. 
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The feedback element uses a combination of thyrite resistor (General 
Electric, Magnetic Materials Division) and diodes to produce a compressed 
scale. The calibration curve of a typical instrument is shown in Figure 15. 
The off-set of the electrometer output allows the measurement of small 
positive-ion currents within the limits of 0 to 5 volts prescribed by the 
standard telemetry system. 
the magnitude of the current depends on the polarity of the applied voltage) 
and are rejected. Thyrites and diodes are sensitive to temperature; they are 
therefore thermally shielded and in addition are calibrated during the rocket 
flight. 

Some thyrites show a marked polarity effect (i.e., 

Special Notes 

The payload housing and rocket motor casing form the second electrode of 
the bipolar system. Any voltages developed across portions of the external 
surface must be carefully considered if interference with the operation of 
the probe is to be avoided. One precaution that has been adopted is to dis- 
connect all signals from the umbilical connector using relays within the 
payload. 

A second possible problem concerns rocket gas which may disturb the 
ionosphere in the vicinity of the electrode. Trouble from this cause is 
minimized if the payload is sealed with O-rings at the nose tip (see Figure 12) 
and if vent holes are provided toward the rear of the payload. 

A further precaution which is important is to limit the power of the 
telemetry transmitter. It has been found on two occasions that rf breakdown 
at the antennas supresses the probe current. In one case in which a 5 watt 
transmitter (231.4 mc/s) was used breakdown occurred intermittently between 
55 and 80 km. With the power reduced to 2 watts on an otherwise identical 
flight no breakdown was observed. 

Data Reduction 

The telemetered signal is always tape recorded at two independent ground 
stations. At the same time a real-time record is obtained at a chart speed 
of 10 in/sec and a sensitivity of 1 idvolt. 
the electron temperatures. A slow-speed record is also prepared, generally 
by play-back of the tape, but sometimes in real-time, at a chart speed of 
0.25 in/sec and a sensitivity of 1 idvolt. 
width of the telemetry channel is reduced to about 100 c/s. 
the small ac signal which at the slow speed would merely broaden the trace. 

This high-speed record gives 

For this record the normal band- 
This eliminates 

The slow-speed record immediately shows the electron density profile. An 
example, Figure 16, was obtained about one hour before dawn. The record on 
descent was photographically reversed for easier comparison with the cor- 
responding portion on ascent. The height scale is obtained directly from 
radar data. The electron density scale is obtained from the pre-flight or 
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i n - f l i g h t  c a l i b r a t i o n  using a s c a l i n g  f a c t o r  ob ta ined  from daytime measure -  
ments when the abso lu te  va lue  e l e c t r o n  d e n s i t y  a t  t h e  peak of t h e  E layer 
may be obtained from a l o c a l  ionosonde. 
i s  1.1 x 10-6 amp equ iva len t  t o  1.0 x 104 cm-3. 

The s c a l i n g  f a c t o r  used i n  t h i s  ca se  

The reduct ion  of t h e  d a t a  t o  ob ta in  e l e c t r o n  temperature i s  r a t h e r  t ed ious .  
Ind iv idua l  sweeps of probe v o l t a g e  m u s t  f i r s t  be measured on the  high-speed 
c h a r t  r eco rd  and a graph prepared of c u r r e n t  a g a i n s t  vo l t age .  The p a r t  of t h e  
graph r ep resen t ing  c o l l e c t i o n  of p o s i t i v e  ions  i s  e x t r a p o l a t e d ,  Figure 1 7 ,  and 
sub t r ac t ed  from t h e  t o t a l  probe cu r ren t  t o  g ive  e l e c t r o n  c u r r e n t .  This i s  then  
p l o t t e d  on a conventional semi-log p l o t  as shown i n  F igure  18. The s lope  of 
t h e  l i n e a r  p a r t  of t h i s  semi-log p l o t  g ives  t h e  e l e c t r o n  temperature d i r e c t l y .  
I n  p r i n c i p l e  the a b s o l u t e  va lue  of e l e c t r o n  d e n s i t y  can a l s o  be  obta ined  from 
t h i s  p l o t  when t h e  po in t  a t  which t h e  probe a t  t h e  p o t e n t i a l  of t h e  plasma i s  
i d e n t i f i e d ;  t h i s  i s  normally taken t o  be  t h e  upper l i m i t  of t h e  l i n e a r  p o r t i o n  
of t h e  p l o t .  In  p r a c t i c e  i t  i s  d i f f i c u l t  t o  i d e n t i f y  t h e  po in t  a c c u r a t e l y  
because of t h e  gradual  cu rva tu re  of t h e  graph. It i s  found, i n  a d d i t i o n ,  
t h a t  t h e  absolu te  va lues  obta ined  i n  thPs way are  s i g n i f i c a n t l y  lower than 
theory  ind ica t e s .  
i t  i s  recommended t h a t  t h i s  method of a n a l y s i s  no t  be used t o  o b t a i n  e l e c t r o n  
dens i ty .  

The discrepancy has not  ye t  been adequate ly  expla ined  and 

, 
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APPENDIX A 

THE ASYMMETRICAL BI-POUR PROBE 

Co i d e r  a n  asymmetrical b i -polar  probe c o n s i s t i n g  of two e l ec t rodes  of 
unequal s u r f a c e  a rea  between which a p o t e n t i a l  may be appl ied  and the  r e s u l t i n g  
cu r ren t  measured. It i s  assumed t h a t  (1) the  e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  i s  
Maxwellian and can be represented  by the  temperature T and (2) t he  shea th  th i ck -  
ness  i s  small compared with the  radius  of cu rva tu re  of t h e  e l e c t r o d e s ,  so t h a t  
t he  c u r r e n t  s a t u r a t e s  f o r  acce le ra t ing  p o t e n t i a l s .  

I n i t i a l l y ,  wi th  both e l ec t rodes  a t  t he  same p o t e n t i a l ,  t he  system assumes 
a nega t ive  p o t e n t i a l  with r e spec t  t o  t he  plasma, t he  f l o a t i n g  p o t e n t i a l ,  V f ,  
g iven by 

where k i s  Boltzmann's cons tan t  

T t h e  equiva len t  e l e c t r o n  temperature 

e t h e  e l e c t r o n i c  charge 

e 

the  e l e c t r o n  random curren t  d e n s i t y  'e 

j, t he  p o s i t i v e  ion  random curren t  dens i ty .  

A p o t e n t i a l  V is  appl ied  between the  e l e c t r o d e s ,  V being taken t o  be pos- 
i t i v e  when the  smaller (area A 2 )  i s  p o s i t i v e  wi th  r e s p e c t  t o  the  l a r g e r  (area 
A i ) .  The p o t e n t i a l s  of the  e l ec t rodes  assume new values  V 1  and V2, where 

- v1 v = v2 

The e l e c t r o n  c u r r e n t s  t o  the  e lec t rodes  a r e ,  f o r  r e t a r d i n g  p o t e n t i a l s ,  

i e l  = A 1 j e exp[eVl/kTe] 

i e2 = A 2 j e exp[eV2/kTe] 

where t h e  s u b s c r i p t s  1 and 2 r e f e r  t o  t h e  l a r g e r  and smal le r  e l e c t r o d e ,  
1: es pe c t i ve 1 y . 

It i s  convenient a t  t h i s  point  t o  in t roduce  two parameters:  the  a rea  
r a t i o :  

u = A1/A2 (A- 5 1 

41 



b 

and the  vol tage  r a t i o :  

7 = eV/kTe (A-6) 

with  appropr i a t e  s u b s c r i p t s  f o r  V being app l i ed  t o  7. 
V expressed a s  a mul t ip l e  of t h e  e l e c t r o n  energy i n  vo l t age  u n i t s .  

Thus 7 i s  t h e  p o t e n t i a l  

Now t h e  p o s i t i v e  ion  c u r r e n t s  t o  t h e  two e l e c t r o d e s  a r e  independent of V 1  
and V2 and have va lues  

i = A  j (A -7 )  +l 1 +  

and 

i = A  j +2 2 + (A -8 )  

The t o t a l  e l e c t r o n  c u r r e n t  must be numerically equal  t o  t h e  t o t a l  p o s i t i v e  i o n  
c u r r e n t ,  t h a t  i s  

i + i  = i  e l  e2 +I + i+2 

From Equations (A -3 )  and (A-4): 

t h a t  i s  

iel/ie2 = cr exp[-71 

and from Equations (A-7) and (A -8 ) :  

i+l/i+2 = cr 

F i n a l l y  the  probe c u r r e n t  i i s  given by 

Therefore,  us ing  Equations ( A - 9 ) ,  ( A - 1 1 ) ,  (A-12) and ( A - 1 3 ) ,  w e  f i n d :  

(A-9)  

(A- 10) 

(A- 11) 

( A - 1 2 )  

( A - 1 3 )  

(A- 14) 
exp(7) + - 0- 'I exp (q) 

i/i+l = [ 
This i s  t h e  mathematical formula t ion  of t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  

of an  asymmetrical b i -po la r  probe having a n  a r e a  r a t i o  a(> 1). It i s  p l o t t e d  
i n  Figure A - 1  f o r  va lues  of a of 1 , 10 , 100, and 1000. 
m e t r i c a l  b i -po la r  probe (a = 1) i s  po in t  symmetric about t h e  o r i g i n  (only the  

%e curve f o r  t he  sym- 
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p o s i t i v e  ha l f  i s  shown). 
po in t  symmetric about t he  po in t  

For values  of a g r e a t e r  than  100, t he  curves become 

i/i+l = 0.5 (A- 15) 

and 

T) = log, (2 + a). (A- 16) 

We must now in t roduce  the  r e s t r i c t i o n  t h a t  t he  above a n a l y s i s  i s  v a l i d  
only f o r  r e t a rd ing  p o t e n t i a l s  on the  e l ec t rodes .  For a c c e l e r a t i n g  p o t e n t i a l s ,  
the  e l e c t r o n  cur ren t  i s  l imi t ed  t o  the  random c u r r e n t  dens i ty .  Now the poten- 
t i a l s  of t he  t w o  e l e c t r o d e s ,  71 and 72, a r e  given by 

and 

(A- 1 7 )  

(A- 18) 

Sa tu ra t ion  occurs when the  smaller e l ec t rode  reaches space p o t e n t i a l  (7  2 
a t  a value of 7 given by 

= 0) 

and a va lue  of i given by 

(A- 19) 

i/i+l = ( j e / j + - l ) / u  ( A - 2 0 )  

If < ( j e / j + - l ) ,  no e l e c t r o n  cu r ren t  s a t u r a t i o n  occurs .  

The poin t  a t  which e l e c t r o n  cu r ren t  s a t u r a t i o n  occurs  i s  thus determined 
by the  a rea  r a t i o  u and the  random cur ren t  d e n s i t y  r a t i o  j e / j+ .  
h o r i z o n t a l  l i n e s  i n  Figure A - 1  i n d i c a t e  e l e c t r o n  c u r r e n t  s a t u r a t i o n .  
ionosphere the  value o f  j e / j +  i s  computed t o  be about  200. 

The s h o r t  
In  the  

The f l o a t i n g  p o t e n t i a l  Tf (= eVf/kT,) i s  from Equation (A-l) ,  

(A-21) 

and t h e r e f o r e ,  a s  might be expected,  f o r  very l a r g e  (5 (>> j e / j + )  t he  smaller 
e l ec t rode  s a t u r a t e s  when 7 i s  equal  t o  the  f l o a t i n g  p o t e n t i a l .  
f o r  s u f f i c i e n t l y  la rge  u the  smal le r  e l e c t r o d e  i s  e s s e n t i a l l y  a s i n g l e  probe 
and the  l a r g e r  e lec t rode  maintains  a cons tan t  p o t e n t i a l  equal  t o  the  f l o a t i n g  

In o the r  words, 
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. 

p o t e n t i a l .  
be made; i t  ev iden t ly  must be s e v e r a l  t i m e s  t h e  va lue  of je / j+ .  I n  Figure A-2 
the  curves of Figure A - 1  a r e  r e p l o t t e d  on semi-log paper i n  the  manner used on 
de r iv ing  e l e c t r o n  temperature.  On t h i s  p l o t  the  o r d i n a t e  i s  

We may determine how la rge  u m u s t  be f o r  such a s i m p l i f i c a t i o n  t o  

The s i n g l e  Langmuir probe i s  charac te r ized  by a 
paper.  It i s  seen i n  Figure A - 1  t h a t  f o r  a l l  values  

(A-22) 

l i n e a r  p l o t  on semi-log 
of cr the  p l o t s  a r e  very 

c l o s e  t o  l i n e a r  f o r  Ai/i+l 5 0 . 1 .  
( je / j+) /u .  Therefore the  condi t ion  t h a t  t he  asymmetrical b i -po la r  probe may 
be analyzed a s  a s i n g l e  probe i s  

Now e l e c t r o n  s a t u r a t i o n  occurs  a t  A i / i + l  = 
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Figure A-2 .  Semi-log plot of current-voltage characteristics 
for bi-polar probes. 
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